We investigate the feasibility of using iron oxide nanoparticles as a contrast agent for radiofrequency (RF) induced thermoacoustic tomography. Aqueous colloids of iron oxide (Fe 3 O 4 ) nanoparticles have been synthesized and characterized. The synthesis method yielded citrate-stabilized, spherical particles with a diameter of approximately 10 nm. The complex permittivity of the colloids was measured with a coaxial probe and vector network analyzer, and the microwave absorption properties were calculated by using a relationship between the complex permittivity and absorption coefficients. Using our pulsed thermoacoustic imaging system at 3 GHz, the time-resolved thermoacoustic responses of those colloids were measured and compared to that of deionized water. Finally, two-dimensional thermoacoustic images were acquired from iron oxide colloids in a tissue phantom. The iron oxide colloids produced an enhancement in RF absorption of up to three times that of deionized water at 3 GHz. The enhancement increased rapidly with decreasing frequency of the RF excitation source. A corresponding increase in time-resolved thermoacoustic signal of more than two times was demonstrated. Our results indicate that iron oxide nanoparticles have the potential to produce enhanced thermoacoustic signals and to provide molecular imaging with functionalized contrast agents for thermoacoustic tomography.
INTRODUCTION
Microwave-induced thermoacoustic tomography (TAT) is a hybrid imaging technique that combines the contrast provided by microwave energy with the spatial resolution of thermoacoustic waves [1] [2] . This technique typically uses the endogenous contrast provided primarily by water content and ionic concentration in tissue. While powerful, thermoacoustic tomography would benefit greatly from the development of exogenous contrast agents. Exogenous contrast agents would decouple contrast from penetration depth and open applications in which the endogenous contrast is insufficient, especially in molecular imaging. Iron oxide nanoparticles are chosen because they have resonance in the microwave region. Currently they have been used as exogenous contrast agents in MRI imaging and possess high biocompatibility. In this paper, we investigated the possibility of using citrate-stabilized iron oxide nanoparticles as a contrast agent in TAT. Aqueous colloids of iron oxide (Fe 3 O 4 ) nanoparticles were prepared in our lab with a diameter of approximately 10 nm and surface stabilized by citrate. We measured the complex permittivity of the colloids with a coaxial dip probe and a vector network analyzer, and then calculated the microwave absorption rate based on a relationship between the dielectric properties and absorption coefficients of a test sample. Next, the time-resolved thermoacoustic responses of the colloids were measured and compared to that of water using our 3 GHz TAT system. Finally, two-dimensional thermoacoustic signals were acquired from iron oxide colloids in a tissue phantom, and then TAT images were reconstructed by using a filtered backprojection method.
METHODS

Energy deposition in TAT
The propagation of an electromagnetic field in a medium is defined by the relationship ω , respectively. The energy deposition by the electromagnetic radiation at a specific point in tissue is determined by its dielectric properties and the electrical field at that specific location. To find the total rate of energy absorbed by an object, we use specific absorption rate (SAR), which is defined as ρ σ
, where ρ is the mass density of the object at that point and σ is the conductivity of the tissue [3] . We will show that attenuation constant can be derived from the dielectric properties of a material in the next section. Therefore, if we know the dilectric properties of a tissue, we can estimate the strength of the electric field and the conductivity of the tissue at a specific point, and then we can easily estimate the energy deposition at that location.
To evaluate the effectiveness of a contrast agent for TAT, we need to estimate the electrical field within the tissue. In our experiments the sizes of test samples are small compared with the wavelength of microwave. Thus, we assume uniform electric-field distribution in test samples to simplify the computation. Also as shown in the definition of SAR, the phase constant of the electric field does not have any effects on the value of energy deposition, therefore we only need to find attenuation constant of the tissue. Moreover, because the attenuation of an electromagnetic field in a medium is mainly brought by dielectric loss, we will use ) (ω α to evaluate the microwave absorption coefficient.
Computation of absorption coefficient
Permittivity relates to a material's ability to transmit an electric field. The complex relative permittivity
, where r ε and i ε are the real and imaginary parts of the complex relative permittivity respectively. We will use two different definitions of the complex refraction index to derive the absorption coefficient of a material. The complex refraction index ) (ω * n for a given material is defined as the square root of the product of the complex relative permittivity and complex relative permeability,
The complex refraction index can also be derived from the extinction coefficient of tissue and is given by
where ) (ω k is the extinction coefficient. And we also have
From the above relationships, through some simple derivations, we can obtain the microwave absorption coefficient of a material as: . In our thermoacoustic tomography system, the electric field is much stronger than the magnetic field. We will use Eq. (3) to calculate microwave absorption coefficients in the following experiments. When the magnetic properties can not be ignored, we, however, need to measure both the permittivity and permeability of the material to get a reasonable estimate of the absorption coefficient. Kim et. al. [4] provides a simple experimental method to determine the microwave energy deposition for this case.
Measurement of absorption coefficients
Among the different ways to measure relative permittivity, a coaxial probe is ideal for liquids and semi-solid materials [5] [6], and has thus been chosen for our application. The open-ended coaxial probe can be regarded as a cut-off section of a transmission line. The dielectric properties of a material are measured by immersing the probe in a liquid or touching it to the flat face of a semi-solid test sample. The electric fields at the probe tip propagate into the test sample and vary as they come into contact with different test samples. The reflected signals from the test sample are then measured and related to the complex relative permittivity.
The main measurement system includes a coaxial probe kit, a network analyzer and a RF source. The microwave absorption coefficients are calculated using Eq. (3). The network analyzer measures the complex relative permittivity. The schematic graph of the experimental setup is shown in Fig. 1 . We use an Agilent 8510C vector network analyzer to make broadband measurements from 200 MHz to 20 GHz. We use the Agilent 85070E dielectric probe kit which includes a coaxial probe and the corresponding software. An external computer controls the network analyzer through GPIB. Before each measurement, a calibration at the tip of the probe must be performed. The principle of the calibration is to use the difference between the predicted and actual values of three well-known standards (air, a short circuit and deionized water) to remove the repeatable systematic errors from the measurement. Before making a measurement, we performed a system calibration. During the experiments, it is important to make sure that the cable is stabilized and not flexed between the calibration and measurement. The air bubbles on the tip of the probe need to be carefully removed to ensure the accuracy of a measurement. And the test sample must also be thick enough to appear infinite to the probe. 
TAT experiment
A schematic experimental setup for TAT has been shown in Fig. 2 . The central frequency of the microwave source is 3 GHz. The pulse width of the microwave source is 0.5 µs. The peak power of the microwave pulse is estimated to be 2 kW, and the estimated total energy of the microwave pulse is about 1 mJ. The microwave radiation level of this TAT system is estimated to be below the safety requirement [3] . The tissue absorbs the pulsed microwave energy, and generates thermoacoustic waves below 2 MHz. We therefore use an unfocused transducer (V323, Panametrics Inc.) with a central frequency of 1 MHz as the receiver. The transducer is mounted on a mechanical arm. The position of the transducer is fixed when measuring the time-resolved thermoacoustic signal. To obtain two dimensional TAT image, the ultrasonic transducer, controlled by a stepping motor, scans the tissue sample circularly to acquire two dimensional projection data. 
RESULTS
Absorption coefficients
An aqueous suspension of Fe 3 O 4 nanoparticles was prepared with diameters ranging 8-10nm with the surfaces functionalized by citrate. After the colloid was stabilized, we separated the supernatant as the test sample, and then diluted the supernatant at 2, 5 and 10 times with deionized water. Because water content in the tissue is the main contributor to microwave absorption, we used deionized water as the control sample in our experiments. The dielectric properties of test samples were then measured by using the method discussed in section 2.3. The results are shown in the Fig. 3 . Figure 3(a) shows the real component of complex relative permittivity, and Fig. 3(b) shows the imaginary component of complex relative permittivity. The supernatant is weaker in r ε and stronger in i ε as compared to that of deionized water. We know that the imaginary component of the complex relative permittivity i ε is related to the conductivity of a material. Because fig. 3 (b) shows big differences in i ε of different test samples, we expect significant changes in their microwave absorption coefficients. In Fig. 3(c) , we find that the microwave absorption rate of the supernatant is approximately three times stronger than that of deionized water at 3 GHz. If we dilute the supernatant, then the microwave absorption rate of the diluted colloid drops accordingly. 
Comparison of time-resolved thermoacoustic signals
To compare the time-resolved thermoacoustic signals of the iron oxide colloids, we filled a piece of plastic tubing with colloids containing different concentrations of iron oxide nanoparticles. The inner diameter of the tubing was 1/16″. The tube was fixed at two ends above the microwave waveguide. The position of the tube was kept unchanged during all the tests. We began with the colloid at the lowest concentration of iron oxide nanoparticles and then gradually increased the concentration of iron oxide nanoparticles. In each experiment, we carefully cleaned the tubing before filling a new test sample, thus the influence of the remaining colloids from previous measurement on the current measurement was minimized. Using our pulsed thermoacoustic imaging system at 3 GHz, the time-resolved thermoacoustic responses of the colloids with different concentrations of iron oxide nanoparticles were measured and compared to that of deionized water in Fig. 4(a) . Peak values in the thermoacoustic responses of iron oxide colloids were then normalized to that of deionized water and plotted in Fig. 4(b) . The strength of thermoacoustic signal generated by iron oxide colloids was more than two times that of deionized water at the highest concentration. The higher the concentration of iron oxide nanoparticles in the colloids was, the stronger the strength of time-resolved thermoacoustic signals was. 
Two-dimensional TAT image
We made a tissue phantom by filling two small tubes with deionized water and two small tubes with the 1x diluted sample discussed in section 3.1. All the four tubes were fixed in a piece of porcine fat and sealed on the top and bottom. We choose porcine fat because it has a low microwave absorption rate and thus will not interfere with the results. The whole phantom was then immersed in mineral oil and placed on a sample base on the X-Y plane. The data collection process has been detailed in section 2.4. The image was reconstructed by using a filtered backprojection method [7] . Figure 5(a) is the reconstructed TAT image. Two tubes filled with supernatant sample are shown as bright spots marked by two white arrows, and two tubes filled with deionized water are denoted by two black arrows. In Fig. 5(b) , we compared the signal strength at a depth marked by two black dashed arrows in Fig 5(a) . Our results showed an increased contrast of approximately three times at 3 GHz by using the contrast agent. 
CONCLUSIONS
We presented our preliminary results using iron oxide nanoparticles as a contrast agent in thermoacoustic tomography. It had been shown that the contrast agent colloids can produce an increase in microwave absorption of up to three times that of deionized water at 3 GHz. Our experimental results also demonstrated a corresponding increase in time-resolved thermoacoustic signal of more than two times. The contrast agent colloids also showed an increased contrast of approximately three times in two-dimensional TAT image. Our results indicate that iron oxide nanoparticles have the potential to expand applications of thermoacoustic tomography in molecular imaging and diagnostic imaging.
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